We performed a combined theoretical and experimental investigation of the orbital magnetism and magnetocrystalline anisotropy of isolated Co and Fe adatoms on Pd͑111͒ and Rh͑111͒. Theoretical calculations of the spin and orbital moments are based on ab initio spin-polarized density-functional theory ͑DFT͒ including a self-consistent treatment of spin-orbit coupling. The calculations use a slab model to represent the adsorbate/ substrate complex and allow for a complete structural relaxation leading to a strong inward displacement of the adatom and modest vertical and lateral relaxations in the substrate atoms. Compared to an idealized geometry where the atoms are kept on bulk lattice positions up to the surface, relaxation leads to a much stronger adatom/ligand hybridization. This is also reflected in the results for orbital moments and magnetocrystalline anisotropy energy ͑MAE͒. The enhanced hybridization leads to strong quenching of the adatom orbital moments but also to the formation of large induced spin and orbital moments in the substrate. As a consequence, we find that the substrate contribution to the MAE is much more important than estimated before on the basis of studies using an idealized geometry. We also find the surprising result that the MAE strongly depends on the adsorption site. The magnitude and even the sign of the MAE change for adatoms on face-centered cubic with respect to the ones on hexagonal close-packed hollow sites on the ͑111͒ surface. The dependence of the MAE on the combination of adatom and substrate has been analyzed in terms of the electronic structure, leading to a sound physical picture of the origin of the MAE. A fundamental problem, however, is the correct prediction of the size of the orbital moments of the adatoms. We suggest that this problem can be solved only via post-DFT corrections introducing an orbital dependence of the exchange potential. The theoretical results are compared to site-averaged, element-specific x-ray magnetic circular dichroism ͑XMCD͒ measurements. Lowtemperature XMCD spectra and magnetization curves reveal weak out-of-plane anisotropy for Fe adatoms on both substrates. Interestingly, Co adatoms on Rh͑111͒ present in-plane anisotropy with MAE of about −0.6 meV, contrary to the known out-of-plane anisotropy of Co on Pd͑111͒ and Pt͑111͒. The orbital to spin magnetic-moment ratio measured by XMCD shows that the Co adatoms present much stronger orbital magnetization components compared to Fe. The connection between orbital moments and MAE is discussed at the theoretical level including the contribution of the induced substrate magnetization.
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I. INTRODUCTION
The desire to build magnetic or magneto-optical storage devices with maximal storage density 1, 2 has spurred a strong interest in the properties of magnetic nanostructures supported on nonmagnetic substrates. 3 One bit of information is stored per magnetic domain, and a high magnetic anisotropy is required to inhibit magnetization reversal and hence loss of information. A reduction in the size of the nanostructure carrying one bit of information requires the increase in the magnetic anisotropy energy ͑MAE͒ per atom. In addition, the easy axis must be oriented perpendicular to the surface of the substrate to reduce the dipolar magnetic interactions between neighboring magnetic moments. The ultimate size limit of a system showing magnetic anisotropy is an isolated magnetic atom on a nonmagnetic substrate. A high MAE requires large spin and orbital moments and a strong spin-orbit coupling ͑SOC͒. Recently, a giant MAE was found by Gambardella et al. 4 for Co atoms on a Pt͑111͒ substrate. In this case, the large magnetic moment is provided by the Co atom but for Co, like for all 3d ferromagnets, the spin-orbit coupling is weak. Strong SOC is found in the heavy 5d metals such as Pt but these metals are nonmagnetic. Hence the giant MAE observed for Co/Pt͑111͒ must have its origin in the strong coupling between the magnetic adatom and its ligands. The situation is similar as for ultrathin films of 3d elements adsorbed on heavy-metal substrates or multilayers formed by these systems. 5 The investigation of the MAE of supported magnetic nanostructures remains a challenge to both theory and experiment. Using x-ray magnetic circular dichroism ͑XMCD͒ ͑Ref. 6͒, it is now possible to measure the magnetic properties of submonolayers down to coverages as low as 0.002 monolayers ͑MLs͒. 7 At these coverages statistical growth, obtained by deposition at temperatures where monomer diffusion is frozen, leads almost exclusively to single adatoms. 8 Due to the spatial extent of the x-ray beam of a few hundred micrometer square, XMCD performs ensemble averages.
However, for ensembles containing only monomers with no mutual magnetic interactions, XMCD enables one to measure the spin and orbital moments as well as the MAE of single atoms. A review of experimental investigations of the magnetic properties of isolated atoms adsorbed on surfaces has recently been presented by Brune and Gambardella. 9 The results for Co/Pt͑111͒ remain characteristic for the magnetism of 3d atoms on 4d or 5d substrates. Both spin and orbital moment of the Co atoms ͑ S = 1.8Ϯ 0.1 B , L = 1.1Ϯ 0.1 B ͒ measured at low temperature and in a magnetic field strong enough to achieve saturation are strongly enhanced compared not only to bulk Co ͑where S = 1.52 B , L = 0.15 B ͒ but also in comparison to ultrathin films, 5, 10 atomic wires, 11, 12 and supported nanoclusters. 10, 13 From the magnetization curves measured in magnetic fields perpendicular and nearly parallel to the surface, a very large MAE of 9.3Ϯ 1.6 meV and a total moment per Co atom ͑measuring the sum of the spin and orbital moments of the magnetic adatom plus the magnetization induced in the substrate͒ of 5.0Ϯ 0.6 B have been estimated. A similar "giant effective moment" of about 10 B / Co atom has been reported for very dilute Co-Pd alloys. 14 Considering the difference in the coordination between an adatom adsorbed on a surface and an atom immersed in the bulk, both estimates are in reasonable agreement.
Additional information on the structural and magnetic properties of Co atoms adsorbed on Pt͑111͒ comes from scanning tunneling microscopy ͑STM͒ and scanning tunneling spectroscopy ͑STS͒. 15, 16 The STM images confirm that the Co atoms occupy both face-centered cubic ͑fcc͒ and hexagonal close-packed ͑hcp͒ hollows of the Pt surface. The particular advantage of spin-polarized STS measurements is that they allow to probe the magnetic properties of individual adatoms. 16 Assuming a perpendicular easy axis of magnetization and a MAE of 9.3 meV taken from the XMCD experiments, a fit of the magnetization curves as a function of the applied field yields slightly different total effective moments of ͑hcp͒ = 3.9Ϯ 0.2 B and ͑fcc͒ = 3.5Ϯ 0.2 B for Co atoms in the two different adsorption sites. Inelastic tunneling spectroscopy observes the exchange of spin angular momentum between the tunneling electrons. 17, 18 Very recently, it has been proposed that the MAE may be derived from the spin-flip energy. [19] [20] [21] However, to derive the MAE from the spin-excitation energy, the magnitude of the spin S to be flipped ͑consisting of the spins of the adsorbed atom plus the induced substrate moments͒ must be known. If S Ͼ 1, the excitation from the ground state with S z = Ϯ S to a state with S z = Ϯ ͑S −1͒ does not necessarily correspond to a spin reorientation by 90°. For Co/Pt͑111͒, Balashov et al. 21 assumed a spin of S = 1 to derive an MAE compatible with the XMCD result. For Fe/Pt͑111͒, a similar large MAE of 6.5 meV was derived from the STS data, assuming a spin of S =3/ 2.
The determination of the spin and orbital moments and of the MAE of supported magnetic nanostructures also represents a challenge to current spin-density-functional theories ͑SDFTs͒ of magnetism. Magnetic anisotropy is caused by spin-orbit coupling, hence a relativistic calculation is required. The essential problem, however, is twofold: ͑i͒ the strong coupling between nanostructure and substrate must be correctly described. This is particularly important for isolated adatoms. The spin degeneracy of the free atom is broken only by the coupling to the ligands. ͑ii͒ All current versions of SDFT tend to underestimate the orbital moment. The reason is that the charge and spin densities determining the effective one-electron potential are determined as averages over occupied orbitals. It has been proposed that the evaluation of the orbital moments could be improved by adding semiempirical corrections such as the orbital-polarization term proposed by Brooks et al. 22 However, calculations based on the full orbital-polarization term produce too large moments. 4, 23 In any calculation of the MAE, a number of technical choices are required: ͑i͒ choice of the exchange-correlation functional: local or semilocal ͑gradient-corrected͒, eventually adding post SDFT corrections. ͑ii͒ Self-consistent bandstructure or Green's-function calculations-this also implies the choice of the form of the one-electron potential ͑full-potential or atomic-sphere approximation͒. ͑iii͒ Spin-orbit coupling taken into account by solving the Dirac equation 24, 25 or by using the second-order variational approach. 26, 27 ͑iii͒ Modeling of the substrate-periodic slabs or semi-infinite ͑possible only within Green's-function approaches͒. ͑iv͒ Geometry of the adsorbate/substrate complex-all atoms in sites continuing the crystalline lattice of the bulk substrate, relaxation of the adatom only, or full relaxation of adatom plus substrate. ͑v͒ MAE determined in terms of independent total-energy calculations for different orientations of the magnetization or using the "magnetic force theorem ͑FT͒" 28, 29 as the difference in the band energies at a frozen potential and charge density. Very recently, we have published a study attempting to assess the influence of these different approximations on ab initio calculations of the MAE. 30 For the archetypal systems Co/Pt͑111͒ and Fe/Pt͑111͒, a number of SDFT studies of orbital moments and MAE have been published. 4, 21, [30] [31] [32] [33] [34] [35] With the exception of our recent work 30 and the work by Shick and Lichtenstein 35 and by Balashov et al., 21 all these calculations are based on a Green's-function approach within the screened fully relativistic Kohn-Korringa-Rostocker ͑KKR͒ method, an idealized geometry propagating the bulk structure of the substrate, the local-density approximation, and the use of the magnetic force theorem. 4, 21, [31] [32] [33] [34] [35] In our recent assessment of the impact of the different approximations, we have demonstrated that the most important step is the description of the adsorbate/ substrate complex. Calculations based on the assumption of an idealized bulklike geometry essentially attempt to cure a defect of the SDFT ͑missing orbital dependence of the exchange field͒ by artificially minimizing adatom/support hybridization. This allows to achieve a larger orbital moment and an MAE in semiquantitative agreement with experiment at the expense of an unrealistic geometry and electronic structure. Calculations based on a relaxed geometry provide a more realistic scenario but tend to underestimate the orbital moments even more strongly. Hence both types of calculations provide rather a lower limit to the MAE: in one case the influence of the strong SOC of the ligands and in the other the orbital moments of the adatom is underestimated.
In the present work, we report on a combined theoretical and experimental investigation of the spin and orbital mo-ments as well as the MAE of isolated Co and Fe atoms on Pd͑111͒ and Rh͑111͒ substrates. Compared to the wellstudied Co͑Fe͒/Pt͑111͒ case, these systems based on 4d substrates differ by a reduced strength of the SOC but an increased magnetic polarizability of the substrate metals. Both Pd and Rh are known to be nearly magnetic, their density of states at the Fermi level just fails to meet the Stoner limit for ferromagnetic ordering. For both metals, there have been reports that at least their more open ͑100͒ surfaces are magnetic. This has led to a lengthy and heated discussion but the question seems now to be settled in favor of the absence of surface magnetism. Nonetheless, due to the high polarizability of the Rh atom, for Rh nanostructures ͑monolayers on Ag or Au substrates, 36, 37 Rh nanowires, 38 and free Rh clusters 39, 40 ͒, the existence of a spontaneous magnetization has been predicted, even though not verified experimentally. 41 Experimental confirmation for the magnetism of free Rh clusters is available from Stern-Gerlach experiments. 42 For Fe/Pd, a "giant" enhancement of the magnetic moment of Fe impurities, 43, 44 of embedded Fe monolayers and artificial layered FePt and FePd compounds with an L1 0 structure has been reported. 45 The recent SDFT studies of Rh surfaces magnetically doped with Co impurities 37 have demonstrated that the induced spin moments on Rh atoms may be as large as 0.7 B and that the total moment per Co atom may reach 4 B . However, these studies have also demonstrated that the magnetic polarization induced by a Ruderman-Kittel-Kasuya-Yoshida mechanism is long ranged and that convergence with respect to the model size may be difficult to achieve.
II. COMPUTATIONAL SETUP
Ab initio density-functional calculations of the spin and orbital magnetic moments and of the magnetic anisotropy energy of Fe and Co adatoms on Rh and Pd ͑111͒ surfaces were performed using the Vienna ab initio simulation package ͑VASP͒. 46 VASP performs an iterative solution of the Kohn-Sham equations within a plane-wave basis. Electronic exchange and correlation are described within a spinpolarized generalized-gradient approximation ͑GGA͒ using the functional proposed by Perdew et al. ͑PW91 -Ref. 47͒ and the spin interpolation proposed by Vosko et al. 48 The choice of the GGA functional is motivated by the fact that for the substrate, GGA predicts slightly too large and the local-density approximation ͑LDA͒ slightly too low lattice constants, while for Co and Fe metals, the GGA predictions are definitely superior. In addition, the use of the GGA is crucial for the correct description of the structural and magnetic ground state of bulk ferromagnetic 3d elements. 49 The electron-ion interaction is described within the projectoraugmented-wave ͑PAW͒ ͑Ref. 50͒ formalism. The PAW potentials have been derived from fully relativistic calculations for atomic reference calculations. The PAW method reconstructs the full nodal character of the exact all-electron charge distribution in the core region. Hence it is a genuine all-electron approach that avoids the necessity to include nonlinear core corrections, which is of particular importance for magnetic systems. The basis set contained plane waves with a maximum kinetic energy of 300 eV, which allows to achieve full basis-set convergence.
Magnetic anisotropy and orbital moments are relativistic effects depending on the strength of the spin-orbit coupling. Spin-orbit coupling has been implemented in VASP by Kresse and Lebacq. 51 Following Kleinman and Bylander 26 and MacDonald et al., 27 the relativistic Hamiltonian given in a basis of total angular momentum eigenstates ͉j , m j ͘ with j = l Ϯ 1 2 ͑containing all relativistic corrections up to order ␣ 2 , where ␣ is the fine-structure constant͒ is recast in the form of 2 ϫ 2 matrices in spin space by reexpressing the eigenstates of the total angular momentum in terms of a tensor product of regular angular momentum eigenstates ͉l , m͘ and the eigenstates of the z component of the Pauli-spin matrices. The relativistic effective potential consists of a term diagonal in spin space which contains the mass-velocity and Darwin corrections, and the spin-orbit operator. The nondiagonal elements in spin space arise from the spin-orbit coupling but also from the exchange-correlation potential when the system under consideration displays a noncollinear magnetization density. Calculations including spin-orbit coupling have therefore to be performed in the noncollinear mode implemented in VASP by Hobbs et al. 52 and Marsman and Hafner. 53 The substrate has been modeled by periodically repeated slabs consisting of up to ten atomic layers separated by a sufficiently thick vacuum space of Ӎ16 Å. A 5ϫ 5 surface unit cell has been used with one adatom per surface cell. This corresponds to a coverage of 0.04 ML, only slightly larger than in experiment. Calculations on larger surface cells ͑and hence lower coverages͒ would require a much increased computational effort. In earlier experiments 12 on Co/Pt͑111͒ for coverages varying between 0.007 and 0.03 ML, the MAE changed only from 9.2 to 8.6 meV/atom. This indicates that our surface cell represents an acceptable compromise.
The adsorbates were placed on one side of the slab only and a dipole correction 54, 55 was applied to compensate for the electrical field gradient through the slab. Electronic and magnetic degrees of freedom were relaxed simultaneously until the change in total energy ͑TE͒ between successive iterations was smaller than 10 −7 eV/ cell. Such a stringent relaxation criterion is essential for an accurate MAE. The coordinates of the adatom and the positions of the atoms in the three topmost layers of the substrate were optimized using scalar-relativistic calculations until the forces on all unconstrained atoms were converged to less than 0.01 eV/ Å. The geometry and electronic and magnetic ground state resulting from the scalar-relativistic calculation were used to initialize relativistic calculations including ͑SOC͒. No additional relaxation of the geometry was performed because our earlier work on Fe and Co adatom on Pt͑111͒ has demonstrated that relaxations with and without SOC lead to almost identical results. 30 Our description of SOC allows, in principle, for a noncollinear orientation of spin and orbital moments but we always found a collinear alignment. Two sets of selfconsistent calculations were performed for magnetic moments oriented perpendicular and parallel to the surface to find the easy and hard magnetic axes and to determine the MAE in terms of the difference in the total energies.
In parallel, the MAE was also calculated using the magnetic force theorem from the difference in the band energies at a frozen potential. The results achieved from the force theorem are, in general, less accurate but using the layer and angular momentum decomposed partial local densities of states, the MAE may be decomposed into contributions from the adatom and from different layers of the substrate, as well as into contributions from different orbitals. However, the calculation of the partial local densities of states must be based on the projection of the plane-wave components of the electronic eigenstates onto spherical waves within atomic spheres. It must be kept in mind that this approximate decomposition introduces additional numerical inaccuracies. However, this decomposition is very helpful in elucidating the electronic origin of the MAE.
The calculations including SOC require a fine k-point mesh for the Brillouin-zone integrations. Test calculations were performed for a Co adatom on a Rh͑111͒ surface for three different k-point grids: 3 ϫ 3 ϫ 1, 3 ϫ 3 ϫ 2, and 5 ϫ 5 ϫ 1 generated by the Monkhorst-Pack scheme 56 and a modest Gaussian smearing of the eigenstates. A 3 ϫ 3 ϫ 1 grid was found to provide a reasonable compromise between accuracy and computational effort. All converged total energies were extrapolated to zero smearing.
We should point out that our setup differs considerably from that used in previous calculations 4, 31, 32, 34 of the magnetic anisotropy of supported nanostructures. Most of these calculations are based on a KKR Green's-function approach, a local exchange-correlation functional, a complete neglect of relaxation of the adsorbate/substrate complex, and the use of the magnetic force theorem for calculating the magnetic anisotropy energy. A detailed comparative study of the impact of these approximations on calculations of the magnetic anisotropy energy has recently been published for Fe and Co adatoms on a Pt͑111͒ surface.
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III. COMPUTATIONAL RESULTS
A. Bulk metals and pristine surfaces
The lattice constants of fcc Pd and Rh calculated using the GGA are ͑experimental values are given in brackets͒ a Pd = 3.957͑3.891͒ Å ͑Ref. 57͒ and a Rh = 3.825͑3.803͒ Å, 58, 59 and the bulk moduli are B Pd = 174͑180͒ GPa ͑Ref. 57͒ and B Rh = 262͑269͒ GPa. 58, 59 These lattice parameters have been applied in all further calculations. For Pd, we performed a comparative calculation using a local LDA functional, with the results a Pd = 3.866 Å and B Pd = 210 GPa.
For a clean Pd͑111͒ surface, the distances between the three top layers have been relaxed, We find interlayer relaxations of ⌬ 12 = +0.2͑0.3͒% and ⌬ 23 = −0.5͑−0.4͒% in calculations using five͑ten͒-layer slabs, to be compared with the available low-energy electron diffraction data finding an expansion of the first interlayer spacing by about +1%. [60] [61] [62] For the work function, we find ⌽ = 5.30͑5.32͒ eV while experiment yields ⌽ = 5.60 eV. 63 At this level, one is led to conclude that a five-layer slab describes the structure of a Pd͑111͒ surface with good accuracy. A problem arises, however, from the high polarizability of the Pd atoms. A spinpolarized GGA calculation for the five-layer slab leads to a weakly magnetic slab, the largest moments of 0.4 B are calculated for the central layer. In a calculation with a ten-layer slab, this spurious surface-induced magnetism disappears, all moments drop below 0.005 B even if the initialization assumes a magnetic moment. The results are essentially independent of the choice of the functional, spin-polarized LDA calculations lead to almost identical results for the geometry, the maximal moment in a five-layer slab is 0.3 B . Hence it seems to be indicated to use a ten-layer slab in all calculations-however, this statement has to be revised when a magnetic atom is adsorbed at the surface.
The results for a Rh͑111͒ surface are very similar. The surface-induced relaxations are ⌬ 12 = −1.2/ −1.1/ −0.9% and ⌬ 23 = 0.6/ 0.0/ 0.0% for a five-layer, an eight-layer slab and in experiment. 64 The work function is ⌽ = 5.25/ 5.22/ 5.30 eV ͑experiments by Brault et al. 65 ͒. The spurious surfaceinduced moments are smaller already for the five-layer slab ͑maximal moment 0.11 B ͒, an eight-layer slab is nonmagnetic. However, the magnetism induced by an adatom or adlayer tends to be very long ranged and deserves attention. Table I summarizes the binding energies and the geometric data for isolated Fe and Co atoms adsorbed in threefold hollows and in twofold bridge positions on Pd and Rh ͑111͒ surfaces as calculated in a spin-polarized scalar-relativistic approach. Both fcc and hcp hollows have been considered and the binding energy at the bridge site has been calculated in order to provide an estimate for the diffusion barrier. The most important results are the following: On a Pd͑111͒ surface, both Fe and Co adatoms prefer to occupy an hcp hollow, the difference in the binding energies is 39 meV/atom and 36 meV/atom, respectively. The diffusion barrier for Fe͑Co͒/Pd͑111͒ given by the difference in the binding energies at bridge and the more stable hcp hollow sites is E diff Ϸ 144͑128͒ meV. Using a typical value for the attempt frequency of 0 =1ϫ 10 13 Hz, we derive onset temperatures where the jump rate is = 1 Hz of T =41͑36͒ K for the relaxation from fcc to hcp sites and of T =56͑50͒ K for surface diffusion, respectively. Thus thermal diffusion is prohibited at the substrate temperatures used for atom deposition and for recording of the XMCD spectra. It is intuitive to consider nonthermal motion over a few lattice sites along the surface possibly caused by the dissipation of the adsorption energy. However, this so-called transient mobility has been precluded for all metal/metal systems where direct atomic-scale investigations exist. 66 One example is Pt/Pt͑111͒, for which field ion microscopy has reported an equal occupation of fcc and hcp sites at 20 K, despite the fcc site being more stable, as evidenced by diffusion from hcp to fcc hollows upon raising the temperature to 45 K. 67 Similarly for Co/Pt͑111͒ STM has reported adsorption on both hollow sites with equal probability. 15 Based on present knowledge, metal atoms deposited at low temperature onto a metal substrate therefore come to rest at their impact site implying instantaneous dissipation of the adsorption energy of several electron volts. We conclude that Fe and Co atoms investigated in experiment are with equal probability on hcp and fcc sites on Pd͑111͒. In both locations, they relax strongly inward by 0.63 Å ͑Fe͒ and 0.66 Å ͑Co͒, corresponding to 28% and 29% of the ideal interlayer distance. The interlayer distances in the substrate are hardly affected but the adsorption of the adatom causes also a weak buckling in the two top layers, the substrate atoms are attracted toward the adatom. The adsorption induces a decrease in the work function. Calculations based on a ten-layer slab are shown only for Fe͑hcp͒/ Pd͑111͒-except for a slightly increased binding energy, the increased slab thickness has no significant effect on the adsorption geometry.
B. Geometry of the adsorption complex
On the Rh͑111͒ surface the preference for hcp adsorption sites is even more pronounced, the differences in the binding energies are nearly identical, 89 meV for Fe and 88 meV for Co, respectively. The diffusion barrier for Fe͑Co͒ atoms is 198͑219͒ meV, which is only slightly larger than twice the difference between the adsorption energies in the two hollows. The onset temperatures for relaxation from the metastable to the stable hollow are T =42͑51͒ K and the ones for surface diffusion T =77͑85͒ K. Again, from comparison of these temperatures with the temperature used in experiment, and from the absence of transient mobility, the atoms are expected to be with equal probability on fcc and hcp sites. The inward relaxation of the adatoms is slightly smaller than on the Pd surface, 21% for Fe and 22% for Co, as expected because of the smaller lattice constant of Rh. In an hcp hollow, the adatom moves closer to the surface than in a fcc site. The adsorption of an adatom also reduces the outward relaxation of the top layer of the substrate, the buckling of the surface at the adatom is weaker than on Pd͑111͒.
C. Magnetic properties
Like magnetic impurities in highly polarizable hosts, Fe and Co adatoms on Pd and Rh surfaces induce a large polarization cloud in the substrate. Together, the moment of the adatom and the induced magnetization yield a very large total moment per magnetic atom. As shown in previous studies of the magnetic doping of transition-metal surfaces, the magnetic impurities induce a long-range oscillatory decaying polarization in the substrate. 37 In Table II , the spin moments of the adatom, the induced moments on the nearest neighbors ͑NNs͒ in the substrate, the total induced moments ͑integrated over all substrate atoms͒, and the resulting total spin moment per adatom for scalar-relativistic calculations ͑not including spin-orbit coupling͒ are compiled. The analysis of these data leads to several interesting conclusions: ͑i͒ although Fe adatoms have a higher magnetic moment than Co atoms, the magnetic moments induced by a Co adatom in a Rh͑111͒ substrate are much larger. The reason is that due to the larger exchange splitting of the Fe d band, the overlap with the Rh d band is reduced, leading to a weaker hybridization and further to a reduced induced moment. On a Pd͑111͒ substrate, the difference is less pronounced because as a consequence of the larger filling of the Pd d band the adatom/ substrate hybridization is reduced for both adatoms. ͑ii͒ On both substrates and for both adsorption geometries, the largest induced moments are always found on the three substrate atoms directly binding to the adatom but the moments induced on the more distant atoms depend on substrate and adsorption site. For an adatom in an fcc hollow on Rh͑111͒, the second largest induced moments are found on nextnearest-neighbor ͑NNN͒ sites in the surfaces plane while the moments induced in the subsurface layer are much smaller-in contrast to adatoms in an hcp hollow which induce significant moments also in the subsurface layer. The difference is even more pronounced on Pd͑111͒ where the second largest moment is found on the Pd atom in the second layer, directly below the adatom. This indicates that the adatom/substrate hybridization involves d states with different symmetry, depending on the adsorption site. ͑iii͒ While the moments induced on nearest-neighbor sites are almost independent of the slab thickness, the integrated spin moments decrease strongly for thicker slabs. This is the consequence of the slow oscillatory decay of the induced magnetization with the distance from the magnetic impurity, as discussed in detail by Dennler et al. 37 for magnetically doped Rh surfaces.
These results highlight one of the main difficulties of all density-functional studies of magnetic nanostructures supported on highly polarizable substrates. If the calculations are based on a slab which is sufficiently thick to produce a nonmagnetic ground state in the absence of any magnetic impurity, the integrated total induced moment depends very strongly on the thickness of the slab, in particular, we note a decrease in the induced and effective moments if the thickness of the slab is increased. This surprising result is due to the fact that at the lower surface of the slab the small induced negative moment is enhanced by the reduced coordination at the surface and the overestimation of the magnetic polarizability characteristic for the DFT. The effect is further enhanced because the very small induced moments from many atoms add up to a significant contribution. The conclusion is that a tremendous computational effort would be needed to bring the results on the magnetic properties of the adatom/ substrate complex to convergence with respect to the thickness of the slab. For this reason we shall confine our calculations of the magnetic anisotropy to slabs of five layers. At this slab thickness, the induced moments at the lower surface are nearly zero ͑a node in the oscillatory decaying moments falls close to the surface͒ and thus no artificially enhanced moment exists at the lower surface. Implicitly we make the assumption that the sum over the magnetic moments induced in the deeper layers is very small, although individual induced moments might be larger.
It might appear that investigations of such systems should be based on Green's-function methods for semi-infinite substrates rather than on a slab geometry. However, this conclusion would be premature. Our setup with a restricted slab thickness corresponds in fact to the usual practice in KKR Green's-function calculations where the Dyson equation is solved only for a small cluster surrounding the adatom. On all other substrate atoms, magnetism is suppressed by construction. Usually the number of atoms in such a cluster is much smaller than the number of atoms in the computational cell used for our five-layer slab. Table III summarizes the results for spin and orbital moments and for the magnetic anisotropy energy of Fe and Co atoms supported on a Rh͑111͒ surface. Both adsorption sites have been considered as they are expected to coexist in experiment.
Compared to the scalar-relativistic calculations ͑see Table  II͒ , the spin moment of the adatom remains almost unchanged but the total spin moment induced by an Fe adatom is strongly increased by SOC effects while for a Co adatom, the induced spin moment is decreased. The reason is that SOC leads to a mixing of different spin states, with the main contribution coming from states with a low excitation energy in the scalar-relativistic mode. Orbital moments on the adatom as well as the induced orbital moments remain smallmuch lower than the experimental estimates. The orbital moments are always parallel to the spin moment, as expected for late transition metals according to Hund's third rule.
While the spin moments of the adatoms are isotropic, we find a small anisotropy of the spin moments induced by Fe For Fe/Rh͑111͒, we calculate from the change in the total energy a very small perpendicular magnetic anisotropy energy ͑MAE= 0.07 meV͒ for an adatom in the energetically preferred hcp hollow while for the fcc hollow, we predict an in-plane easy axis ͑MAE= −0.58 meV͒. For Co͑hcp͒/ Rh͑111͒, we find a perpendicular anisotropy with MAE = 1.65 meV, for Co͑fcc͒ an in-plane orientation of the magnetization is preferred, with a MAE of −0.29 meV. The MAE has also been calculated using the force theorem. The results are in semiquantitative agreement with those derived from the total-energy differences, although-given the smallness of the MAE-they must certainly be considered as less reliable.
The site dependence of the magnetic anisotropy is a surprising result which has not been considered before ͑all earlier studies assumed that the adatom continues the bulk structure, with or without relaxation͒. The analysis of the anisotropies of the induced moments ͑which we find to be much stronger than that of the adatom͒ suggests that this might be a decisive factor determining the surprising change in the sign of the MAE. We find that the anisotropy of the induced spin moments is strongly site dependent-in contrast to the almost isotropic spin and orbital moments of the adatom ͑⌬ S͑L͒ Յ 0.01͒. The induced spin and orbital moments are always larger for in-plane orientation. For both Fe and Co in fcc hollows, we find a much larger induced inplane spin moment while for adatoms in an hcp hollow, the spin anisotropy is reduced. The orbital anisotropy on the other hand is of comparable magnitude for both adsorption sites. The larger induced in-plane spin moments parallel the in-plane easy axis calculated for adatoms in the fcc hollows.
We have also investigated whether the results are affected in any way by increasing the slab thickness or the density of the k-point mesh. For an eight-layer slab of Co͑fcc hollow͒/ Rh͑111͒, the preference for in-plane MAE is reduced from −0.29 to −0.19 meV, for Fe͑hcp hollow͒/Rh͑111͒, the perpendicular MAE increases from 0.07 to 0.39 meV. Induced moments on nearest-neighbor sites are unchanged, although the total induced magnetization changes appreciably. This indicates that the oscillatory varying induced moments on the more distant sites have only a limited influence on the MAE, justifying the use of thinner slabs. This also suggests that the anisotropy of the total induced moments might not be of decisive importance for the strength of the MAE. For a five-layer slab of Co/Rh͑111͒, doubling the number of k points changes the MAE only from −0.29 to −0.25 meV. This demonstrates that these small energy differences are reasonably stable with respect to the computational setup. Table IV summarizes the results for Fe and Co atoms on Pd͑111͒. For a Co atom in an hcp/fcc hollow on Pd͑111͒, we calculate orbital moments of L = 0.22͑0.19͒ / 0.25͑0.22͒ B for perpendicular ͑in-plane͒ magnetization, the spin moment is unchanged relative to the scalar-relativistic calculation and almost isotropic. At short distances from the adatom, induced spin and orbital moments are both parallel to the Co moment and almost independent of the direction of magnetization. The induced spin and orbital moments on the Pd atoms in the three top layers are shown in Fig. 1 . At larger distances, the induced moments are aligned antiferromagnetically, leading to negative total induced spin and orbital moments and resulting in a modest total spin moment of 1.96͑1.99͒ B at the hcp site. For a Co atom in an fcc hollow, the total induced spin and orbital moments remain positive, both are larger for 1 . ͑Color online͒ Magnetic spin ͑black͒ and orbital ͑gray͒ moments ͑in B ͒ induced by an isolated Co adatom ͑adsorbed in an hcp hollow on a five-layer Pd slab͒ on the Pd atoms in the first to third layer ͑top to bottom͒ with an ͑a͒ out-of-plane and ͑b͒ an inplane orientation of the moments as shown schematically by arrows. The shape of the surface unit cell applied in the calculations is also marked.
in-plane magnetization. The anisotropy of both spin and orbital induced moments is larger for the fcc than for the hcp adsorption site but significantly lower than on the Rh substrate. We have to emphasize that the pronounced anisotropy of the induced moments is a rather long-range effect while the anisotropy of the moments induced on the nearestneighbor sites is much more modest ͑see Fig. 1͒ . This statement has general validity for all systems investigated here.
For Co in both adsorption sites, the calculation predicts a perpendicular easy axis and a MAE of 1.61 meV ͑hcp site͒ and 2.27 meV ͑fcc site͒, respectively. The MAEs derived from the force theorem are also both positive but somewhat lower.
For an Fe atom in the energetically preferred hcp hollow, we calculate isotropic spin and orbital moments for the adatom, and a modest but strongly anisotropic induced spin moment and small induced orbital moments. Both spin and orbital induced moments are larger for perpendicular magnetization. The smallness of the induced moments arises again from a compensation between parallel and antiparallel induced moments. The magnetic easy axis lies in the plane with an MAE of −1.80 meV. For an Fe atom in an fcc hollow, we find again almost isotropic spin and orbital moments ͑the spin moment is unchanged relative to the scalarrelativistic result͒ and-in contrast to an Fe atom in the hcp position-also almost isotropic induced spin and slightly anisotropic orbital moments.
The easy axis is perpendicular, the calculated MAE is 0.09 meV ͑total-energy differences͒ and 0.08 meV ͑force theorem͒. While the very low MAE for Fe in an fcc hollow corresponds to the low anisotropy of the moments of the adatom and of the ones induced in the substrate, the large negative MAE found for an adatom in an hcp hollow requires an explanation because only the induced spin moment displays a significant anisotropy, with the large value for out-of-plane magnetization.
E. Electronic origin of the MAE
Together with the previous study of Fe and Co adatoms on a Pt͑111͒ substrate, 30 the results described above allow to discuss some interesting trends. For a Co adatom, the hcp adsorption site is always preferred and we calculate an MAE of 1.19/1.61/1.65 meV on Pt, Pd, and Rh substrates. That the anisotropy energy on the 5d-substrate Pt should be lower than on the 4d-metals Pd and Rh with a lower spin-orbit coupling might at first sight be surprising but this is readily explained in terms of a reduced adatom/substrate hybridization reflected in a smaller overlap of the d states of the adsorbate with the broader d band of the 5d-metal substrate. The surprising result of the present calculations, however, is the strong predicted site dependence of the MAE: for a Co atom in the less-stable fcc hollow, on Pd͑111͒ an enhanced positive MAE of 2.27 meV is predicted while on Rh͑111͒, we find even a change in sign of the MAE to −0.29 eV. For an Fe adatom in fcc hollows, we calculate an MAE of 2.99/ 0.09/ −0.58 meV for Pt, Pd, and Rh substrates. The fcc site is the preferred adsorption site only on Pt, and on Pd and Rh the sign of the MAE is different for both sites: 0.09/ −1.80 meV on Pd and −0.58/ 0.07 meV on Rh for the fcc/ hcp hollows. Hence we find that on Rh the adatom shows in-plane anisotropy in the fcc and out-of-plane anisotropy in the hcp hollows while on Pd, the trend is reversed. An Fe adatom has a perpendicular easy axis in the fcc, switching to in-plane for the hcp hollow. For the Co adatom, the easy axis remains perpendicular for both hollows but the MAE is reduced for the hcp site.
The explanation of this surprising site dependence of the MAE must be sought in subtle differences in the hybridization between the d states of the adatom and the substrate orbitals. Figure 2 shows the partial electronic densities of states ͑PDOSs͒ for the Co adatom and for the Rh atoms in the surface layer, for both adsorption sites. To simplify the picture and because in the presence of spin-orbit coupling, the spin is not a good quantum number and because the exchange splitting is very large for the adatom but only quite modest for the substrate, we prefer to plot the spinintegrated PDOS. Note that in all cases, the majority states of the adatom are completely filled so that the peak in the Co-PDOS close to the Fermi level arises from minority states only. Due to the strong inward relaxation of the adatom, the distribution of the d states of the magnetic adatom is strongly broadened by the hybridization with the substrate. → d xy , d x 2 −y 2. There are also subtle but significant differences between the PDOS for adatoms in the two hollows-the most important effects are found at the upper and lower band edges at the maxima associated with states that have predominantly spin-up and spin-down character. On the other hand, the changes associated with a reorientation of the magnetization direction are minimal-they hardly exceed the line thickness in these graphs. For the Co/Pd͑111͒ system, the PDOS show a similar picture: the substrate bands are slightly narrower and due to the additional electron in the Pd d band the Fermi level falls close to the upper band edge. This also reduces the hybridization with the Co-minority d states such that the corresponding PDOS peaks fall closer to the Fermi level.
The elucidation of the electronic origin of the MAE requires an even more detailed analysis, and here the decomposition of the MAE into adatom and substrate contributions, and into contributions from different angular momentum states permitted by the force theorem and calculated in terms of the band energies by integrating the PDOS is very helpful. Within this formalism, the MAE may be written as
where the sum is over all atoms in the supercell and over all angular momentum quantum number m l , E B is the energy at the bottom of the valence band, and where
is the difference in the partial local density of states for electrons with quantum number m l at the site i for perpendicular ͑ Ќ ͒ and in-plane ͑ ʈ ͒ magnetization. The orbital anisotropy ⌬ L = L Ќ − L ʈ may be calculated in terms of the difference in the occupation of states with m l = Ϯ 2, Ϯ 1, i.e., according to
Note that a large contribution to the MAE requires a large value of ⌬n m l i ͑E͒, integrated over the valence band, irrespective of the value of m l . A significant orbital anisotropy arises only if ⌬n m l i ͑E͒ is different for states with m l = Ϯ 1 and/or m l = Ϯ 2. One must also remember that the expression given for the orbital anisotropy is exact whereas the force theorem leads only an approximate value for the MAE. For hcp Co/Rh͑111͒, the contributions to the MAE are 0.19/0.12/0.06 meV for the Co adatom and the first and second Rh-substrate layers. This gives altogether an MAE of 0.37 meV, to be compared with 0.16 meV calculated from the force theorem and 1.65 meV from the self-consistent total-energy difference. For fcc Co/Rh͑111͒, the corresponding numbers are 0.06/ −0.13/ −0.08 meV from Co/Rh1/Rh2, together −0.15 meV to be compared with a total MAE of −0.14 meV ͑FT͒ and −0.29 meV ͑TE͒. At this point, it must be emphasized that not only the force theorem is already an approximation. In addition, the decomposition of the DOS into its local and angular momentum components resides on an atomic-sphere projection and the individual PDOS are rather noisy. Hence the decomposition of the MAE has semiquantitative validity at best but it is still very helpful for the elucidation of the physical mechanisms.
The decomposition of the MAE shows that the negative sign for Co in the less-stable fcc hollows has a double origin: a reduced positive contribution from the Co adatom and a negative contribution from the substrate. Their origin can in turn be traced back to differences in the PDOS for perpendicular and in-plane orientation of the magnetization, shown in Fig. 3 . The differences in the PDOS induced by a change in the direction of magnetization are very small, at most about 1% of the PDOS. The curves look rather noisy at first sight ͑even after a modest filtering͒ but the calculations show that the oscillations at higher binding energies largely cancel Table III results from an integration over all substrate atoms͒. For Co in an fcc hollow, the differences in the PDOS of the Rh layer are small close to E F , hence the negative contribution results also from states at higher binding energies. The important role of d z 2 and d xz , d yz states of both adatom and substrate in determining the site dependence of the MAE shows its close relation to small but significant modifications in the d states extending perpendicular to the surface.
For Co/Pd͑111͒, we find a positive ͑perpendicular͒ MAE for both adsorption sites. For the adatom in the stable hcp hollow, we calculated contributions of 0.6/0.07/0.09 meV for Co/Pd1/Pd2, i.e., together 0.76 meV, to be compared with an MAE of 0.72 meV ͑FT͒ and 1.61 meV ͑TE͒. For Co in an fcc hollow, the corresponding values are 1.11/0.22/0.34 meV from Co/Pd1/Pd2, total 1.67 meV, to be compared with an MAE of 1.88 meV ͑FT͒ and 2.27 meV ͑TE͒. In this case, the analysis of the differences in the PDOS shows almost the same picture for both adsorption sites. The dominant contributions to the MAE of both adatom and substrate come in both cases from an increased occupation of d z 2 states, which is more pronounced for the fcc hollow.
For Fe adatoms the situation is even more complex. On both substrates, the calculations predict that the MAE changes sign between the two different adsorption sites. The larger spin moment of the Fe adatom is coupled to a larger exchange splitting and in turn to significant differences in the electronic spectrum. The PDOS for Fe/Pd͑111͒ is shown in Fig. 4 . For all Fe d states, the minority states form a sharp peak located about 0.5 eV above the Fermi level. Hybridization of the states extending perpendicular to the surface with the substrate orbitals leads to the formation of a sharp resonance in the corresponding Pd states and the formation of a deep minimum in the Pd-PDOS at the Fermi level. Differences in the PDOS caused by a different location of the adatom are modest, the largest are found in the Fe d z 2 majority states and in the Pd d xz , d yz states. For Fe/Rh͑111͒, the PDOS shows a similar picture but the Fermi level is downshifted due to the reduced d-band occupation in the substrate and the hybridization-induced PDOS minima are much less pronounced.
For hcp Fe/Pd͑111͒, the decomposition of the MAE yields values of −0.04/ −0.20/ 0.03 meV for Fe/Pd1/Pd2, total −0.21 meV, to be compared with an MAE of −0.22 meV ͑FT͒ and −1.80 meV ͑TE͒, for fcc Fe/Pd͑111͒ we find 0.07/ 0.02/0.02 meV for Fe/Pd1/Pd2, total 0.11 meV, to be compared with an MAE of 0.08 meV ͑FT͒ and 0.09 meV ͑TE͒. The decomposition shows that the in-plane anisotropy for Fe atoms in the hcp hollows stems from a small negative contribution of the adatom and a larger one from the first substrate layer. A detailed assignment of the origin of these contributions is more difficult than for Co adatoms. The differences in the PDOS as a function of the direction of the magnetization shown in Fig. 5 are very small at E F and for binding energies up to about −1.5 eV. Hence according to the force theorem, the leading contributions to the MAE must be assigned to a change in the occupation of states located at larger binding energies.
For hcp Fe/Rh͑111͒, the decomposition of the MAE yields contributions of 0.04/0.05/0.03 meV for Fe/Rh1/Rh2, together 0.12 meV, in good agreement with the total MAE of 0.02 meV ͑FT͒ or 0.07 meV ͑TE͒. For fcc Fe/Rh͑111͒, we find contributions of 0.12/ −0.10/ −0.02 meV from Fe/Pd1/ Pd2-in this case, the contributions balance exactly to zero whereas force theorem ͑−0.21 meV͒ and total-energy differences ͑−0.58 meV͒ yield a modest negative MAE. This shows that the negative MAE for Fe in the fcc hollow stems from the substrate contribution which overcompensates a positive MAE from the adatom. The analysis of the differences in the PDOS yields again a picture very similar to that described for Fe/Pd͑111͒. However, it must be admitted that for MAEs below 1 meV, we are certainly at the limit of the accuracy of DFT calculations and that the decomposition of the MAE according to the force theorem introduces additional approximations. The differences in the FT and TE values of the MAE should give rise to some caution against an overinterpretation of this kind of analysis. Still, the analysis of the PDOS leads to an important conclusion. Due to the large exchange splitting of the Fe d states, the peak in the minority DOS is located above the Fermi energy, the Fe- DOS at E F is low and undergoes only very small variations as a function of the direction of magnetization. Contributions to the MAE stem from states with higher binding energies and they are small due to cancellation effects. This leads to the conclusion that Fe adatoms and, in general, Fe nanostructures should have a much smaller MAE than those formed by Co atoms, in spite of the much larger spin moment of Fe.
Our analysis also considerably modifies the picture of the origin of the MAE derived from earlier theoretical studies based on idealized nonrelaxed geometries. 31, 32, 34 From LSDA calculations for Fe and Co adatoms on Pt͑111͒ and Ir͑111͒ substrates, Etz et al. 34 concluded that even the 5d substrates contribute only between 5.5% ͑for Fe/Pt͒ and 25% ͑for Fe/Ir͒ to the MAE and can in no case change the sign of the MAE determined by the adatom alone. Due to the weaker SOC, the contribution from a 4d substrate could be expected to be even weaker. However, this result is due primarily to the neglect of relaxation which largely suppresses the hybridization between adatom and substrate states. For our fully relaxed adatom/substrate complexes, we find that even for the system with the by far largest MAE ͓Co/Pd͑111͔͒, the substrate contributes about one third to the MAE and that as demonstrated for fcc Co/Rh͑111͒ the substrate contribution can even determine the sign of the MAE.
Another conclusion, already suggested by the comparison of orbital anisotropies and MAE, is that the popular assumption that the MAE is directly related to the orbital moment anisotropy ⌬ L such that the largest orbital moment is found along the easy magnetization direction favored by the MAE, is not generally valid. This assumption is based on the perturbation treatment of the MAE proposed by Bruno 68 for materials with a single atomic species. In that case, perturbation theory predicts MAE= 4 B ⌬ L , where stands for the strength of the SOC. It is evident that the relation between MAE and orbital anisotropy cannot be as simple as that if more than one atomic species is present and a strong hybridization exists between their electronic states. Andersson et al. 69 have shown that the MAE can be written as a sum over atomic species, i, and a double sum over occupied ͑s͒ and unoccupied ͑sЈ͒ spin states, MAE= ͚ iss Ј ⌬E i ssЈ , where the offdiagonal ͑s sЈ͒ terms arise from the spin-orbit scattering at other sites. Even for Au/Co/Au trilayers where Co is coupled to a metal which has a strong SOC but only a very modest magnetic polarizability, Andersson et al. have demonstrated that the coupling to the ligands leads to strong deviations of the MAE from the linear correlation with ⌬ L expected on the basis of Brunos formula. For our systems, we find that only for Co/Pd͑111͒ at least the sign of the MAE is the same as that of the orbital anisotropy but the MAE is larger for Co in an fcc site while ⌬ L is larger for Co in an hcp site. For the other systems, signs of MAE and orbital moment anisotropy agree as often as they disagree. The correlation is not improved if only local contributions to the MAE and localorbital moment anisotropies are compared. This emphasizes that, not unexpectedly, the off-site spin-orbit coupling plays a very important role. A further complication arises from the fact that although the spin moments of the adatoms are almost strictly isotropic, significant anisotropies are found for the induced spin moments. van der Laan 70 has extended the perturbation approach to include spin moment anisotropy but again only for one-component systems.
IV. EXPERIMENT
The magnetic properties of Fe adatoms on the ͑111͒ surfaces of Pd and Rh, as well as the ones of Co adatoms on Rh͑111͒, have been investigated in situ by means of XMCD at the ID08 beamline of the European Synchrotron Radiation Facility ͑ESRF͒ in Grenoble. Single crystal Pd͑111͒ and Rh͑111͒ substrates were prepared by Ar + -ion sputtering ͑E kin = 1.3 keV͒ at T = 300 K followed by annealing at T = 800 K at an oxygen partial pressure of p O 2 =6 ϫ 10 −8 mbar for 10 min to remove carbon impurities, and a final flash annealing to 1000-1100 K. Substrate cleanliness was checked by Auger electron and x-ray absorption spectroscopy ͑XAS͒. Minute amounts of Fe and Co were deposited from high-purity rods ͑99.995%͒ with an electron-beam evaporator on the substrate held at T =8Ϯ 1 K. The deposition flux was 5 ϫ 10 −4 ML/ s and 1 ϫ 10 −3 ML/ s for Fe and Co, respectively.
As outlined in Sec. III B, thermal diffusion is inhibited at 8 K and transient mobility is absent for all investigated metal/metal systems where direct atomic-scale information is available. Therefore, the Fe and Co atoms come to rest at their site of impact. This is referred to as statistical growth. For the coverages of ⌰ = 0.01 ML and ⌰ = 0.02 ML employed in this work, the probability of two adatoms landing on neighboring sites and thus forming a dimer is very low. The mean island sizes are 1.04 atoms at 0.01 ML and 1.07 atoms at 0.02 ML; 97%/3%/0% and 93%/6%/1% of the islands are monomers/dimers/trimers for 0.01 ML and 0.02 ML, respectively. 8 We therefore probe essentially single atoms residing with equal probability in the two nonequivalent hollow sites.
Since the magnitude of the XMCD signal scales as the projection of the probed atomic moments onto the x-ray incidence direction, out-of-plane vs in-plane magnetization measurements were carried out by rotating the sample position from =0°to = 70°, corresponding to normal and grazing incidence of the x-ray beam, respectively. A magnetic field up to 5 T collinear with the x-ray beam was applied. XAS experiments were performed at T =8Ϯ 1 K in the total electron yield ͑TEY͒ mode using 99Ϯ 1% circularly polarized light. Figure 6 shows the XAS and the resulting XMCD spectra for Fe on Pd͑111͒ and on Rh͑111͒ taken at the Fe L 2,3 edges. The adatom XAS have relative weak absorption features compared with the Pd and Rh TEY background due to the small coverage of only 0.02 ML and 0.01 ML, respectively. The small hump of the L 2 edge is hardly visible in the XAS but a clear L 2 peak can be detected in the XMCD signal. For Fe on Pd and on Rh, the XMCD/XAS asymmetry is larger at IG. 6. ͑Color online͒ ͑a͒ and ͑b͒ 0.02 ML Fe on Pd͑111͒, ͑c͒ and ͑d͒ 0.01 ML Fe on Rh͑111͒: ͑a͒ and ͑c͒ XAS and ͑b͒ and ͑d͒ XMCD spectra measured at the Fe L 2,3 edges at T = 8 K and B = 5 T. In order to eliminate the dependence of the electron yield on the sample orientation, the XAS at 70°and 0°have been normalized to the background corrected area under the L 3 peak: Fig. ͑d͒ : magnetization curves at =0°͑black dots͒ and 70°͓red ͑gray͒ dots͔ measured by taking the peak height of the L 3 XMCD intensity at 707.7 eV divided by the pre-edge intensity at 705.0 eV as a function of the applied magnetic field.
0°suggesting an out-of-plane easy axis. The inset in Fig.  6͑d͒ shows an example of field-dependent magnetization measured along the out-of-plane ͑ =0°͒ and close to inplane ͑ = 70°͒ direction for Fe/Rh͑111͒. The M͑H͒ curves for Fe on Pd͑111͒ are similar. At both angles, we observe two almost linear magnetization curves with similar slope, indicative of a very small MAE. Obviously, saturation is not reached and we cannot apply the XMCD sum rules 71, 72 to estimate the orbital and spin magnetic moment independently. However, quantitative information can be obtained by calculating the ratio L / S+7D , where D is the spin dipole moment. The obtained values along the easy axis are reported in Table V . We must caution, however, that both the magnitude 74 and the anisotropy 75 of 7D can be substantial for magnetic impurities. These effects, related to the anisotropy of the spin density within the adatom unit cell, prevent a precise determination of the orbital to spin ratio and orbital moment anisotropy based on the comparison of L / S+7D values measured along different directions.
The XAS, XMCD spectra, and magnetization curves of 0.02 ML Co/Rh͑111͒ are shown in Fig. 7 . The larger L 3 XMCD peak for 70°indicates an in-plane easy axis which is confirmed by the steeper slope of the magnetization curve at = 70°compared to 0°. Again, saturation cannot be reached and the corresponding L / S+7D value is reported in Table  V . The in-plane easy axis is quite unexpected, given that Co adatoms on both Pt͑111͒ ͑Ref. 4͒ and Pd͑111͒ ͑Refs. 73 and 74͒ present strong out-of-plane anisotropy. The calculations of Sec. III D, however, show that the sign of the MAE of Co/Rh͑111͒ can indeed be negative depending on the type of adsorption site ͑positive for hcp and negative for fcc͒. Although XMCD measurements cannot distinguish between different absorption sites, these results point out the importance of the substrate and induced magnetization to determine the sign of the MAE.
The average MAE per adatom can be estimated from the magnetization curves shown in Fig. 7͑c͒ for Co/Rh͑111͒. The energy E͑ , , ͒ of a paramagnetic particle of size s being subject to uniaxial magnetic anisotropy K and exposed to an external magnetic field B is composed of the Zeeman term −sB cos and the MAE term −sK͑sin sin cos + cos cos ͒ 2 . The z axis is defined parallel to the field B, and and are the polar and azimuthal coordinates of the magnetic moment , defines the easy magnetization direction with respect to the surface normal. The mean value of the magnetization is given by Boltzmann statistics and reads
͑4͒
By fitting this expression to the measured magnetization curves, one obtains the free parameters , K, and M SAT . As pointed out before, the signal is dominated by the contribution from single adatoms. However, since the XMCD intensity corresponding to magnetic saturation cannot be determined experimentally in this case, a relatively large uncertainty remains in the fits. Moreover, to avoid increasing the number of fit parameters, no allowance is made for adatoms occupying different adsorption sites. The small amount of dimers is accounted for by using the average size of s = 1.07 atoms at 0.02 ML coverage. In the case of Fe/Pd͑111͒ XAS (arb. units) and Fe/Rh͑111͒, the difference between out-of-plane and inplane magnetization curves is too small to provide a reliable fit. For Co/Rh͑111͒, the best fit is obtained for MAE= −0.6Ϯ 0.1 meV per atom and =5Ϯ 1 B per atom, where = L + S + ind ͑Rh͒ includes the magnetic moment induced on the Rh sites per Co atom. A possibility to derive an experimental estimate of ind ͑Rh͒ is by taking S and S+7D obtained for the Co monolayer film 74 and by making use of the fact that S is largely independent of coordination. This way one would obtain an orbital moment of L = 1.2 B for the Co atom and an induced moment of ind ͑Rh͒ = 1.8Ϯ 1.0 B . Such an estimate, however, neglects changes in 7D from the monolayer to the adatom, which can be as large as 0.3 B . 4
V. DISCUSSION AND CONCLUSIONS
We have presented a combined theoretical and experimental investigation of orbital magnetism and magnetic anisotropy of single Fe and Co adatoms on Rh͑111͒ and Pd͑111͒ substrates, complementing earlier results 4, 21, 30, 73, 74 of the same adatoms on Pt͑111͒. Table VI confronts the collected experimental and theoretical results.
The experimental determination of the spin and orbital moments and of the MAE using XAS and XMCD spectroscopies turns out to be a very hard task because of the very weak adsorption features in the XAS spectra, the small variation in the magnetization curves with the direction of the applied magnetic field, and finally the difficulty to achieve saturation. For Fe atoms on Pd and Rh weak out-ofplane anisotropy can be inferred from the angular dependence of the L 3 XMCD peak, and the analysis of the magnetization curves suggests a very low out-of-plane MAE. As saturation cannot be achieved in fields up to 5 T, only the ratio between the effective spin and orbital moments can be determined. For Co on Rh͑111͒, we find in-plane anisotropy with an MAE of −0.6Ϯ 0.1 meV/ atom and significant inplane orbital moment. Fe adatoms on both Pd͑111͒ and Rh͑111͒ present significantly weaker orbital-to-spin moment ratios, which, even taking into account the larger spin moment of Fe, indicate a much smaller orbital magnetization relative to Co.
Compared to the large magnetic anisotropies of both elements on Pt͑111͒, 4,21 the MAEs of isolated atoms on the ͑111͒ surface of the two 4d metals investigated here are much weaker, although the spin and orbital moments of the adatoms are similar. This shows that the magnitude of the MAE is determined primarily by the interaction of the magnetic adatom with the ligands displaying a strong SOC.
The theoretical calculations of the MAE are based on spin-polarized density-functional calculations for slab models of the substrate including a self-consistent treatment of spin-orbit coupling. Self-consistent calculations have been performed for magnetization directions fixed along the surface normal and parallel to the surface of the substrate and the MAE is calculated from the difference in the total energies. In contrast to almost all previous theoretical studies of the MAE of supported nanostructures, our calculations allow for a complete relaxation of the adsorbate/substrate complex. The relaxation effects are particularly pronounced for isolated adatoms which move inward by more than 0.6 Å compared to a position continuing the bulk structure of the substrate. Evidently this leads to a much stronger hybridization between the orbitals of adatom and ligands. We have also determined the energetically most favorable adsorption site and found that a position of the magnetic adatom in an hcp hollow is preferred over the fcc site continuing the stacking sequence of the substrate lattice. We calculated the diffusion barrier limiting the mobility of the adatoms and find that the activation energy for adatom migration is on the order of 0.1 eV. Since the sample is kept at very low temperatures during deposition and measurement, this implies a random distribution of the adatoms over hcp and fcc hollows.
A characteristic property of late transition elements such as Rh and Pd is that doping with magnetic impurities induces a large magnetic polarization cloud, the total moment per magnetic atom is very large, substantially larger than the upper limit to the spin moment set by Hund's first rule. For magnetic adatoms on these highly polarizable substrates, the magnetic induction effect is even enhanced by the strong inward relaxation. We have discussed in detail the difficulties arising from these long-range polarization effects in conjunction with a slab model of the substrate. The induced magnetization is not restricted to the formation of an induced spin moment-the induced orbital moments are comparable and sometimes even larger than the orbital moments of the adatom. While the magnetic moments of the adatom show only a modest anisotropy, both spin and orbital moments induced in the substrate display a strong anisotropy. While our calculations yield reasonable values for the MAE ͑for a detailed discussion, see below͒, the orbital moments calculated for the adatom are much too low, by a factor of about 6. The reason for this disagreement is twofold: ͑i͒ the lack of orbital dependence of the exchange field calculated in DFT and ͑ii͒ the strong interaction between adsorbate and ligands atoms which tends to quench the orbital moment to a value comparable to that in bulk materials. In our detailed assessment of different approximations entering the calculation of orbital moments and MAE, illustrated at the example of Co and Fe atoms on Pt͑111͒, 30 we have demonstrated that for an adatom in an idealized geometry the artificial suppression of the interaction with the ligands allows to form larger orbital moments. But to use a bulklike and, as we have shown, rather unrealistic geometry also strongly reduces the adatom-ligand coupling which is decisive for the magnitude of the MAE. Values of the MAE resulting for both approaches are comparable and tend to be lower than those derived from experiment-indicating that either way theory misses an important contribution to the MAE.
A surprising result of our study is that the MAE is found to be strongly site dependent. Except for Co/Pd͑111͒, the MAE changes sign and magnitude if the adatom is placed in an fcc instead of an hcp hollow. Since in the experiment, the area covered by the x-ray beam contains many adatoms occupying with comparable probability hcp and fcc sites, the experimentally determined MAE must be compared with the average over the MAEs calculated for both sites. The compensation of fcc and hcp sites can explain the weak anisotropy observed for Fe on both substrates. For Co/Rh͑111͒, however, we find a positive ͑out-of-plane͒ MAE of 1.65 meV and a very modest negative orbital anisotropy for an adatom position in hcp hollow sites and a smaller negative ͑in-plane͒ MAE of −0.29 meV and a negative orbital anisotropy for fcc sites. Thus, the arithmetic average of +0.68 meV disagrees with the experimental value of −0.6 meV, possibly due to uneven distribution of fcc vs hcp sites or numerical uncertainties. For Co/Pd͑111͒, the calculated positive MAEs of 1.6 meV ͑hcp͒ and 2.3 meV ͑fcc͒ indicate strong out-of-plane anisotropy for the ensemble average, in good agreement with experimental estimates. 73 In these cases, a positive MAE is accompanied by a positive orbital anisotropy on the adatom. This suggest that for sufficiently large MAEs, the sign of the MAE is the same as that of the orbital anisotropy of the magnetic species ͑as expected on the basis of perturbation theory͒ while for very small MAEs, this correlation might be broken.
Good semiquantitative agreement between theory and experiment is also found for Co and Fe adatoms on Pt͑111͒.
The calculated values for spin and effective ͑adsorbate plus substrate͒ moments are in reasonable agreement with experiment. The calculated ratios of orbital to spin moment are much too low if orbital polarization is not taken into account. On the experimental side, a precise determination of the orbital moment anisotropy is made difficult by the unknown 7D contribution to the ratio of the orbital to spin moment derived from the XMCD sum rules. 71, 72, 75, 76 Assuming small 7D anisotropy compared to L , the experimental L / S+7D values would indicate positive orbital moment anisotropy for Fe on Rh͑111͒ and Pd͑111͒, as well as for Co on Pd͑111͒ and Pt͑111͒ whereas Co/Rh͑111͒ would have negative ⌬ L . The theoretical results agree with these estimates, except for the case of Fe/Rh͑111͒, as for the MAE.
We have also attempted to relate the site dependence of the MAE to changes in the electronic structure, using the approximation to the MAE provided by the magnetic force theorem ͑MAE= difference in the band energies at fixed potential͒ and the projected local partial densities of states. This analysis leads to two important conclusions: ͑i͒ the contribution of the substrate to the MAE is much more important than estimated before on the basis of calculations using an idealized bulklike geometry. The substrate contribution can even invert the sign of the MAE. ͑ii͒ The site dependence is related to a rehybridization of the d states of both adatoms and substrate atoms extending perpendicular to the substrate. ͑iii͒ For Co adatoms, the dominant contributions to the MAE arise from a change in occupation of states very close to the Fermi edge. The contribution from the substrate is larger for Rh than for Pd because of the larger overlap of the Rh d band with the Co minority states. ͑iv͒ The very small MAE of Fe atoms observed on both substrates is related to the large exchange splitting of the Fe d states which minimizes the hybridization of the Fe minority states with the substrate.
In our view, the main problem confronted by ab initio calculations of the MAE is still the lack of orbital dependence of the exchange potential. To use an idealized bulklike and, as we have demonstrated, unrealistic geometry might lead to larger orbital moments. However, this does not represent an acceptable solution because it artificially reduces the adatom/ligand interactions which are the crux of the problem. A fundamental improvement of theoretical predictions of the MAE of supported magnetic nanostructures requires post-DFT corrections introducing the orbital dependence of the exchange potential.
